Odorants are detected by olfactory receptor neurons (ORNs) located in the olfactory epithelium. In mice, ORNs expressing the same odorant receptor (OR) project to a single glomerulus out of 1800 in the olfactory bulb (OB). It has been proposed that OR-derived cAMP signals guide ORN axons to their glomeruli rather than OR themselves. Recently, it has also been shown that the axon guidance molecule Slit1 and its receptor Robo2 control the dorsoventral segregation of ORN axons as they are projecting to the OB. We have analyzed the development of olfactory projections in Slit1/Slit2 and Robo1/Robo2 single and double mutants. We show that in Robo1 Ϫ/Ϫ ;Robo2
Introduction
In the olfactory epithelium, olfactory receptor neurons (ORNs) expressing a given odorant receptor (OR) project to only a single glomerulus on the medial and lateral parts of the olfactory bulb (OB) (Mombaerts et al., 1996) . Glomeruli are microdomains of the OB, forming spherical structures where OR axons synapse on the dendrites of mitral and tufted cells. The spatial position of each glomerulus, also called the glomerular map, is highly conserved between animals of the same species, although their final morphology varies (Komiyama and Luo, 2006) . In the embryonic mouse, the final/mature glomerular pattern emerges around the first postnatal days (Royal and Key, 1999) . In mouse, little is known about the molecules that are controlling glomerulus targeting (Cutforth et al., 2003; Schwarting et al., 2004; Serizawa et al., 2006) . However, it has been demonstrated that OR-derived cAMP signals guide ORN axons to their glomeruli rather than ORs themselves (Imai et al., 2006; Chesler et al., 2007) . It has also recently been shown that Slit1 and its receptor Robo2 influence the dorsoventral segregation of ORN axons in the OB (Cho et al., 2007) . Here, we analyzed the development of ORN axons in Slit1/ Slit2 and Robo1/Robo2 single and double mutants. A striking phenotype of Robo1/Robo2 knock-out mice is that most ORN axons do not invade properly their target territory in the OB, to project more caudally into the diencephalon. Furthermore, in Slit1 Ϫ/Ϫ ; Slit2 Ϫ/Ϫ , Robo2 Ϫ/Ϫ , or Robo1 Ϫ/Ϫ ;Robo2 Ϫ/Ϫ mice, ORN axons expressing the same OR project to supernumerary and ectopic glomeruli. Our findings provide strong evidence that Slit1, Slit2, Robo1, and Robo2 cooperate to control the coalescence of ORN projections to the OB and the accurate targeting of ORN axons to specific glomeruli.
3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate (DiI; Invitrogen) as described previously (de Castro et al., 1999) . Injected heads were cut in 80 m sections with a vibratome (Leica). Sections were counterstained with Hoescht (Sigma-Aldrich).
Results

Developing ORNs express Robo2, Slit1, and Slit2
To determine whether ORNs express Robo receptors, we used immunohistochemistry and previously characterized mouse knock-out lines that express ␤-galactosidase under the Robo1 or Robo2 (Grieshammer et al., 2004; Fouquet et al., 2007) promoters. At E13, ORN axons were strongly immunoreactive for Robo2 but not Robo1 ( Fig. 1 A and data not shown) . Accordingly, ␤-galactosidase was expressed by ORNs of Robo2 ϩ/ Ϫ mice but not Robo1 ϩ/ Ϫ mice ( Fig. 1 B and data not shown) . Although the expression of ␤-galactosidase is not indicative of the presence of the endogenous Robo protein, these data together with Robo1 and Robo2 immunolabeling suggest that a subset of ORN neurons expresses Robo2.
To confirm that at E13 Robo2 was the only Slit receptor expressed by ORN axons, we performed binding studies using a recombinant protein comprising the second leucine-rich repeat region of Slit2 fused to alkaline-phosphatase (LRR2-hSlit2-AP) (Fouquet et al., 2007) . LRR2-hSlit2-AP proteins bound to E13 ORN axons from wild-type (Fig. 1C) and Robo1 Ϫ/Ϫ (Fig. 1 D) mice, but no staining was observed in Robo2 Ϫ/Ϫ (Fig. 1 E) and Robo1 Ϫ/Ϫ ;Robo2 Ϫ/Ϫ (Fig. 1 F) mice. Overall, these results show that developing ORN axons only express Robo2. This expression pattern was unchanged at least until E18 (data not shown).
Slit1 and Slit2 mRNAs are known to be expressed in the basal forebrain and septum region (Nguyen-Ba-Charvet et al., 1999; Marillat et al., 2002) , and accordingly GFP was highly expressed in these territories in Slit1 ϩ/ Ϫ and Slit2 ϩ/ Ϫ E13 embryos ( Fig. 1G-I ). Interestingly, GFP was also detected in ORN cell bodies and their axons (Fig. 1G-I, L, O) . In the OB of E18 Slit1 ϩ/ Ϫ and Slit2 ϩ/ Ϫ mice, GFP and OMP labeling was observed in the olfactory nerve layer and OMP neurons in the olfactory epithelium ( Fig. 1 J-O) . The presence of GFP in ORN axons does not imply that Slit1 and Slit2 are expressed in this cellular compartment, but our results and others (Cho et al., 2007) suggest that developing ORN neurons express Slit1 and Slit2 and also that their axons grow under the telencephalon around a region that expresses a high level of Slit1 and Slit2.
In contrast, ORNs were not immunoreactive for Robo1 in wild-type mice (Fig.  2 A) or ␤-galactosidase in Robo1 ϩ/ Ϫ mice (Fig. 2 B) . However, ␤-galactosidase was detected in O4 ϩ cells (Fig. 2C) , and Robo1 was coexpressed with p75 ϩ in cells surrounding ORN axons (Fig. 2 D, E) , most likely corresponding to olfactory ensheathing cells (OECs) (Ramon-Cueto and Nieto-Sampedro, 1992) . These Robo1-expressing cells wrapped around ORN axons (Fig. 2 F, G) before they enter the OB. At E18, ␤-galactosidase was still expressed by ORNs, but some did not coexpress OMP and vice versa (Fig.  2 H-J ).
Defasciculation and ectopic projection of ORN axons
To determine whether Slit/Robo signaling plays a role in ORN axon guidance, we examined the trajectories of ORN axons in Robo1 and/or Robo2 and Slit1 and/or Slit2 knock-out mice. As described before, Robo2 ϩ/ Ϫ head immunostained with anti-␤-galactosidase and anti-OMP. ORN axons express both markers and project rostrally to the OB. C-F, LRR2-hSlit2-AP binding on coronal sections of E13 foreheads. LRR2-hSlit2-AP binds to olfactory nerves (arrowheads) of wild-type (C) and Robo1 express the OMP (Farbman and Margolis, 1980) (Fig. 2 I-J ) . In E16 and E18 wild-type mice (n ϭ 3), all Slit (Slit1, n ϭ 4; Slit2, n ϭ 1; Slit1/2, n ϭ 6) or Robo (Robo1, n ϭ 2; Robo2, n ϭ 2; Robo1/2, n ϭ 1) single and double heterozygous mice, and Slit1 Ϫ/Ϫ mutants (n ϭ 5), OMP-positive axons projected, fasciculated, from the olfactory epithelium to the base of the telencephalon before turning rostrally toward the OB and terminated in the glomerular layer ( Fig. 3 A, B and data not shown). In Slit1 Ϫ/Ϫ ;Slit2 Ϫ/Ϫ mice (n ϭ 3), all OMP-positive axons reached the OB and formed protoglomeruli, but the olfactory nerve was slightly defasciculated (Fig. 3C) . In contrast, in Robo2 Ϫ/Ϫ mice (n ϭ 5), most axons reached the ONL but seemed unable to cover the ventral OB (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Some bundles were stuck under the OB and in the ONL. Nevertheless, ORN axons that entered the OB form protoglomeruli. In addition, ectopic ORN axon bundles were also detected outside the OB in more lateral territories (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). ORN axon pathfinding defects were much more severe in Robo1 Ϫ/Ϫ ;Robo2 Ϫ/Ϫ mice (E13, n ϭ 3; E16, n ϭ 2; E18, n ϭ 5). At E13, an abnormal accumulation of ORN axons under the ventral telencephalon was observed (data not shown). From E16 to E18, OMP staining showed that some ORN axon bundles turned caudally and grew under the surface of the telencephalon (Fig. 3D-F ) , but a majority entered the brain ventrally to invade and arborize in the medial septum (Fig. 3 D, E) . Moreover, the olfactory nerve was fragmented in multiple axon bundles (Fig.  3F ) . Thus, in absence of Robo/Slit signaling, a majority of ORN axons is unable to innervate the OB.
Slit and Robo mutants present MOR256-17 ectopic glomeruli
Next, we used an antibody that recognizes a single olfactory receptor called MOR256-17 (Strotmann et al., 2004 ) (none of the other receptor-specific antibodies we used labeled embryonic OR axons). In adult wild-type mouse, MOR256-17 ϩ ORN axons project to a dorsolateral glomerulus and a medioventral one, per OB. At E18, we observed the same MOR256-17 pattern in wildtype animals (Fig. 4 A-D) . Double labeling on Robo2 knock-outs showed that MOR256-17-positive ORNs were immunoreactive for ␤-galactosidase (Fig. 2 K) , suggesting that they expressed Robo2. Next, OBs from Slit1 and/or Slit2 and Robo1 and/or Robo2 mutants were immunostained for OMP and MOR256-17. We then counted the number of labeled glomeruli and analyzed their position (Fig. 4) . The MOR256-17 glomerular pattern was similar in wild-type (n ϭ 8 OB; 1 Ϯ 0 mean number of lateral or medial glomeruli) and in Slit1 Ϫ/Ϫ (n ϭ 6; 1.2 Ϯ 0.2 lateral; 1 Ϯ 0 medial), Slit2 Ϫ/Ϫ (n ϭ 6; lateral, 1.3 Ϯ 0.2; medial, 1.3 Ϯ 0.4), Robo1 Ϫ/Ϫ (n ϭ 6; lateral, 1.2 Ϯ 0.2; medial, 1 Ϯ 0) and Robo2 Ϫ/Ϫ (n ϭ 6; lateral, 1.2 Ϯ 0.2; medial, 1.3 Ϯ 0.2) mice (Fig. 4 A-H ) . In contrast, MOR256-17 glomerular pattern was perturbed in Slit1 Ϫ/Ϫ ;Slit2 ϩ/ Ϫ mice (4/4 cases) as two lateral glomeruli instead of one were observed (2 Ϯ 0; p Ͻ 0.01). In Slit1 Ϫ/Ϫ ;Slit2 Ϫ/Ϫ mutant, three lateral glomeruli were observed (6/8 cases; 2.8 Ϯ 0.3; p Ͻ 0.01) and two median glomeruli (5/8 cases; 1.6 Ϯ 0.2; p Ͻ 0.05) (Fig. 4 I, J ) . The distance between these glomeruli varies from 70 to 500 m, and they appeared a little smaller than the wild-type ones. Confocal microscopy analysis of OMP/ MOR256-17 double labeling showed that even in mutant animals, the MOR256-17 glomeruli only contain MOR256-17- positive axons (supplemental Fig. 2 , available at www. jneurosci.org as supplemental material), suggesting that a duplication/multiplication of MOR256-17 glomeruli has occurred rather than an ectopic invasion by MOR256-17 ORN axons of MOR256-17-negative neighboring glomeruli. The phenotype was similar in Robo1 Ϫ/Ϫ ;Robo2 Ϫ/Ϫ mutants, but the number of ectopic glomeruli varied from three lateral and two medial glomeruli (2/6 cases) to two lateral and one medial glomeruli (4/6 cases, mean number of lateral glomeruli, 2.3 Ϯ 0.3; p Ͻ 0.05) (Fig.  4 K, L) .
In mammals, the olfactory projection is uncrossed: ORN axons from one side of the epithelium target the OB located on the same side. As Slit/Robo signaling is known to control the development of commissural projections in many systems (Dickson and Gilestro, 2006) , the ectopic glomeruli could contain ORN axons coming from the contralateral olfactory epithelium. To rule out this possibility, a small injection of DiI was performed in one OB. In both wild-type (n ϭ 4) and Robo1 Ϫ/Ϫ ; Robo2 Ϫ/Ϫ (n ϭ 2) mutants, retrogradely DiI-labeled ORNs were only detected on the ipsilateral side (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). Therefore, ORN projections remain ipsilateral in absence of Slit/ Robo signaling.
Although the glomerular pattern is set just after birth, the initial projection is more exuberant and postnatal refinements occur until P60 (Zou et al., 2004) . To determine whether additional glomeruli were still observed after the refinement period, older Slit1 Ϫ/Ϫ and Slit1 Ϫ/Ϫ ;Slit2 ϩ/ Ϫ mice were studied (P60 to P90). In adults at E18, two MOR256-17 lateral glomeruli were found in the OB of Slit1 Ϫ/Ϫ ;Slit2 ϩ/ Ϫ adult (P90) mice (3/3 cases) (Fig. 4 M, N ) , instead of one in Slit1 ϩ/ Ϫ (n ϭ 2) ( Fig. 4O ) and Slit1
Ϫ/Ϫ (n ϭ 3) (Fig. 4 P) mice. Nevertheless, no ectopic medial glomeruli were observed. This suggests that glomerular multiplication could be maintained, at least partially, throughout life in Slit and Robo knock-out mice.
Discussion
We show here that Slit1, Slit2, and Robo2 are expressed by ORNs and Robo1 by OECs. Furthermore, we demonstrate that Robo2 is necessary for axons to converge to the OB, whereas Slit1, Slit2, and Robo2 are required by ORN axons to project to a single glomerulus. A role for Slits and Robos in the development of ORNs was first demonstrated in Drosophila (Jhaveri et al., 2004) , where the projection pattern of ORN axons in the glomeruli is controlled by three Robos. Our results show that in mouse, Robos guide ORN axons to their target area and that in their absence many ORN axons fail to reach the OB. Although we did not find a combinatorial code of Robos differentiating subtypes of ORN axons, our data and others show that Robo2 is not expressed by all ORNs (Cho et al., 2007) . Therefore, one could easily imagine that Robo2-positive ORN axons express an additional combination of axon guidance receptors. A recent analysis of Slit1 and Robo2 mutant mice showed that they are required for the zonal segregation of ORN axons and that Robo2 Ϫ/Ϫ OB lack ventral innervation (Cho et al., 2007) . Using other markers, we confirmed that Robo2-deficient ORN axons are unable to enter the ventral OB and found that the missing axons project into the septum. Interestingly, ORN axon guidance defects are more pronounced in Robo1 Ϫ/Ϫ ;Robo2 Ϫ/Ϫ mutants than in Robo2 Ϫ/Ϫ mice, although ORNs do not express Robo1. This result suggests a non-cell-autonomous function for Robo1 in axon guidance, as previously proposed in Drosophila (Kraut and Zinn, 2004) . In vitro studies have shown that OECs provide a good substrate for ORN axons (Kafitz and Greer, 1999) . Thus, Ϫ/Ϫ ;Slit2 Ϫ/Ϫ embryos, OMP axons also project to the OB and form glomeruli, but the olfactory nerve is slightly defasciculated (arrowheads). D, In Robo1 Ϫ/Ϫ ;Robo2 Ϫ/Ϫ embryos, only a few OMP axons reach the OB, but most of them coalesce under the forebrain before taking a caudal route or invading the septum (SE). E, F, In Robo1 Ϫ/Ϫ ;Robo2 Ϫ/Ϫ embryos, OMP ϩ axons are unable to cover the OB and do not all form clear glomeruli. F, The olfactory nerve is fragmented in smaller fascicles that are spread laterally. In addition, many ORN axons project into the septum (E, arrowheads). Scale bars, 500 m.
Robo1 expression on OECs may influence ORN axon guidance, by binding to Robo2, or Slits, if those latest are expressed by ORN axons.
The possible presence of Slit1 and Slit2 in ORN axons may also influence their synaptic partners in the OB, the mitral and tufted cells, which are known to express Robo2 (Nguyen-Ba-Charvet et al., 1999; Cho et al., 2007; Fouquet et al., 2007) . Therefore, a simple repulsive model cannot probably fully explain Slit/Robo mode of action in primary olfactory projections.
In addition to guiding ORN axons to their appropriate target in the OB, Slit/ Robo also control the development of the lateral olfactory tract (Nguyen-BaCharvet et al., 2002; Fouquet et al., 2007) and the migration of OB interneurons (Wu et al., 1999; Nguyen-Ba-Charvet et al., 2004) . This suggests that some of the defects described here for primary olfactory axons may be somehow secondary and attributed to mechanisms other than Slit/Robo expression by ORN axons. Vice versa, the reduced size of the OB in Robo1/ Robo2 and Slit1/Slit2 double mutants, which was attributed to a reduction of OB interneurons (Bagri et al., 2002; Sawamoto et al., 2006) , could be at least in part caused by the mistargeting of ORN axons, because OB development is known to require olfactory axons (Monti-Graziadei and Graziadei, 1992) .
The correct pathfinding of ORN axons requires OR-cAMP signaling (Imai et al., 2006; Chesler et al., 2007) . Likewise, the repulsive activity of Slits is known to be regulated by cyclic nucleotides (NguyenBa-Charvet et al., 2001; Chalasani et al., 2003) . Therefore, it is tempting to speculate that variations of cAMP levels induced by OR would change the cAMP/cGMP ratio, thereby modulating Slit/Robo activity in ORN axons.
We observed many misrouted ORN axons in Robo1/2-deficient mice but not in Slit1/2-deficient mice, raising the possibility that Slits are not needed for the convergence of axons. However, it has been recently shown that Slit3 was also involved in ORN axon guidance (Cho et al., 2007) . Therefore, to fully assess the role of Slits in this process, Slit1/2/ 3-deficient mice will have to be studied.
In Drosophila, a combination of Robo1, Robo2, and Robo3 controls ORN axon sorting to the antennal lobe, and later, Slit influences the positioning of ORN axon terminals in the glomeruli (Jhaveri et al., 2004) . In mammals, the development of ORN projections is also a two-step process. First, ORN axons converge to their target region in the OB, probably using axon guidance molecules whose expression level involves OR-cAMP signaling (Imai et al., 2006; Chesler et al., 2007) . Second, they determine their specific position into the appropriate glomerulus in an activity-dependent manner with the help of adhesion and guidance molecules interacting with OR (Serizawa et al., 2006) . Our data favor this hypothesis and strongly suggest that Robo1 and Robo2 control ORN axon convergence to the OB. Moreover, Slit/Robo signaling regulates the branching of sensory axons in the spinal cord and inhibits arborization and synaptogenesis in the zebrafish retina (Campbell et al., 2007) . Therefore, Slit/Robo signaling could also control precise axon targeting in the OB, which could explain the presence of additional glomeruli in Slit/Robo mutants. This hypothesis is also consistent with the role of Robo2 in the establishment of the glomerular map in zebrafish (Miyasaka et al., 2005) . (H ) mice, only one lateral glomerulus is observed at a normal position. I, J,InaSlit1 Ϫ/Ϫ ;Slit2 Ϫ/Ϫ OB, three glomeruli (1-3) were detected (arrowheads) along the lateral surface. K, In Robo1 Ϫ/Ϫ ;Robo2 Ϫ/Ϫ double mutants, most OMP-positive axons project caudally to the OB, as shown on a coronal section of the telencephalon. Note that some of these axons are also MOR256-17 ϩ (K, arrowheads). L, However, some MOR256-17-positive axons reach the OB and form a small lateral glomerulus (arrowhead). M-P, In adults, one lateral glomerulus is observed in Slit1 ϩ/ Ϫ (O) and Slit1 Ϫ/Ϫ (P) animals, but two lateral glomeruli (1 and 2 arrowheads) are detected in Slit1 Ϫ/Ϫ ;Slit2 ϩ/ Ϫ OB (M, N ). Glomerulus 1 is located at the dorsolateral part of the OB, whereas glomerulus 2 is 120 m behind and in the ventrolateral part. 
